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Transmission electron microscopy (TEM) and scanning TEM (STEM) are indispensable
tools for materials characterization. However, during a typical (S)TEM experiment, the sam-
ple is subject to a number of effects that can change its atomic structure. Of these, perhaps
the least discussed are chemical modifications due to the non-ideal vacuum around the sam-
ple. With single-layer graphene, we show that even at relatively low pressures typical for
many instruments, these processes can have a significant impact on the sample structure.
For example, pore growth becomes up to two orders of magnitude faster at a pressure of ca.
10−6 mbar as compared to ultra-high vacuum (UHV; 10−10 mbar). Even more remarkably,
the presence of oxygen at the sample also changes the observed atomic structure: When im-
aged in UHV, nearly 90% of the identifiable graphene edge configurations have the armchair
structure, whereas armchair and zigzag structures are nearly equally likely to occur when
the oxygen partial pressure in the column is higher. Our results both bring attention to the
role of the often neglected vacuum composition of the microscope column, and show that
control over it can allow atomic-scale tailoring of the specimen structure.
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Aberration-corrected 1 scanning transmission electron microscopy (STEM) provides the ul-
timate spatial control for defect engineering 2, 3 down to the level of individual atoms (see, for
example Refs. 4–7 and references therein). However, the range of possible structural changes is
normally limited by the elastic and inelastic interactions between the energetic imaging electrons
and the sample to knock-on damage and radiolysis via electronic excitations 8–10. While it is known
that also chemical changes happen at the sample during microscopy experiments 11, these are often
neglected due to the uncontrolled composition of the residual vacuum. It thus remains unknown
how large an impact residual vacuum gases can have on the sample during imaging. Additionally,
if the atmosphere could be controlled, available parameters for defect engineering inside the micro-
scope would expand from electron energy 12, dose rate 13 and sample temperature 14 to the vacuum
level and composition 11, ideally providing chemical control of materials down to the nanoscale.
Chemical effects have been reported for graphene nanopores 12 via the comparison of pore
growth rate at different electron acceleration voltages (20 and 80 kV), which ruled out the role
of either knock-on damage or radiolysis or other processes arising from electronic excitations.
Instead, structural changes at the pore edges were hypothesized to be caused by chemical processes
through the interaction of the electron beam and molecules in the residual gases of the microscope
column vacuum. Earlier transmission electron microscopy studies 15 have demonstrated a tendency
for zigzag (ZZ) edges to form via sputtering under electron irradiation. This is in contrast to a
recent environmental TEM study 16, where the formation of armchair (AC) edges was reported
during high-temperature oxygen treatment at pressures in the mbar regime, as well as the recent
UHV STEM study where preference for AC edges was similarly reported 17.
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Graphene edges are also highly interesting in the context of graphene nanoribbons (GNR),
for which their control remains a challenge in top-down production. GNRs have a width of just a
few nanometers and electronic properties suitable for nanoelectronics applications 18. Although the
competing bottom-up approach using organic precursor molecules has lead to impressive results 19,
it tends to be limited to metallic substrates. In the top-down alternative, graphene sheets are cut
in the desired width and orientation. For applications, control over the exact edge structure of
GNRs is critical since it directly affects their electronic properties 18, 20: GNRs with edges in the
AC crystallographic orientation are semiconducting, whereas those with ZZ edges are metallic.
Previous etching experiments with GNRs have been carried out with scanning probe microscopy
techniques on a substrate 21–23. For example, in Ref. 21 high temperature oxidation was used to
produce sub-5-nm-wide GNRs from graphene on a Si/SiO2 substrate that were imaged through
non-atomic-resolution atomic force microscopy. However, no method has until now demonstrated
control of different edge types at atomic resolution.
Here, we study the pore growth rate and atomic structure of edges in graphene as a func-
tion of the oxygen partial pressure in in situ STEM imaging experiments. Nanopores are initially
created using a high accelerating voltage of 100 kV, whereas imaging is carried out at 60 kV to min-
imize direct knock-on damage. The pressure is controlled between near-UHV (10−10 mbar) and
10−6 mbar using a leak valve at the microscope column, connected to a gas distribution line 11. The
residual gas composition is additionally measured with a mass spectrometer in the vacuum setup
adjacent to the microscope column, connected through a flange facing the sample stage. We show
that in near-UHV conditions, pore growth is practically nonexistent over typical experimental time
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scales, whereas it increases by orders of magnitude when oxygen is introduced into the column.
Additionally, the atomic structure of nanopore edges—and more clearly of longer edges—depends
on the oxygen atmosphere at the sample. At low pressures, AC edges are clearly preferred over
ZZ (nearly 90% of identifiable edges are AC), whereas the two edge types become equally likely
at higher pressures.
Results and discussion
We begin our experiments by creating nanopores into pristine graphene (commercial samples
grown via chemical vapor deposition and transferred onto Quantifoil support grids by Graphe-
nea Inc.). Since electron beam damage in pristine graphene is limited to knock-on damage 12, 24,
we use a relatively high acceleration voltage of 100 kV for this purpose. The electron beam is
placed over a clean area (16 nm2) of the sample, and irradiated for ≈ 1 min with an approximate
beam current of ca. 50 pA. After this, the voltage is changed to 60 kV, the aberration corrector is
retuned (the whole process takes about 30 min with the constant current mode of the Nion Ultra-
STEM 100 in Vienna; see Ref. 17 for a description of a similar instrument). We first record image
sequences of the created nanopores with a field of view of ca. 3 nm in near-UHV to establish a
baseline for the pore growth rate. Next, we introduce oxygen into the column through a leak valve,
and repeat the experiment for nanopore growth at higher pressures (up to 2 × 10−7 mbar). The
measured gas composition for three gases with the highest partial pressures and the pore growth
data are presented in Fig. 1.
4
As can be seen from Fig. 1a, the residual vacuum gas contains mainly N2 (CO has the same
mass, but there is little reason to assume it makes a significant contribution) and water with a
trace amount of oxygen. Note that the data cannot reach down to the near-UHV pressure that
is our normal condition, because the volume with the mass spectrometer has a base pressure of
slightly above 10−9 mbar. When we start to introduce oxygen into the column, its partial pressure
rapidly rises and it becomes the most prominent species of the residual vacuum. Overall, the partial
pressure of O2 is consistently an order of magnitude higher than that of chemically inert N2 and
two orders of magnitude higher than that of water. All reported pressures are readings from the
objective area gauge of the microscope (OG), unless otherwise mentioned.
The etching rates corresponding to the growth of pores were calculated by measuring the pore
area from image sequences at different pressures. This data, plotted against the cumulative electron
dose, is shown in Fig. 1b with an example partial sequence of six images shown below. As can
be immediately seen, pore growth in near-UHV is very slow (the complete image sequences were
much longer than the data shown here, with no changes up to very high doses), while much higher
rates are measured under oxygen atmosphere. Etching rates (calculated as the number of atoms
lost per second) obtained by linear fits to the data are shown in Fig. 1c. This linearity indicates that
the process is limited by the availability of oxygen atoms and not of etching sites. The difference
in the etching rate between near-UHV (0.057 atoms/s) and 2 × 10−7 mbar (4.0 atoms/s) is nearly
two orders of magnitude, highlighting the importance of the atmosphere on the structural changes
in the sample during (S)TEM imaging. After the leak valve is closed, the vacuum recovers quickly
(within half an hour) to the near-UHV values, bringing the etching rate back down to the values
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recorded before the leak valve was opened.
To put these numbers into context, let us consider an ideal gas at 300 K. The impinge-
ment rate at a pressure of 2 × 10−7 mbar is ∼1 nm−2 s−1. Assuming a mean residence time of
∼5 × 10−10 s (using an adsorption energy of 0.16 eV for an O2 molecule on graphene 25), the
surface concentration of oxygen molecules should be ∼1 × 10−9 nm−2, which is obviously too
low to explain the observed etching rates. Note that even at the limit of the ballistic regime
(∼1 × 10−4 mbar), surface concentration would remain below ∼5 × 10−7 nm−2. Such estimates
are typically used to argue that the vacuum level in microscopes (often ca. 10−7 mbar) is sufficient
to prohibit significant structural changes caused by chemical processes arising from the residual
vacuum composition. As our results show, this is clearly incorrect. Moreover, the values we report
here are consistent with recent literature. For example, analysing the data provided in Refs. 12, 15
leads to etching rates of 0.15 atoms/s and 0.4 atoms/s, respectively, in non-UHV instruments with
assumed vacuum conditions similar to our high-pressure experiments (the reported slowing of
etching over time is consistent with the depletion of oxygen from the adjacent hydrocarbon-based
contamination 11). However, our results are consistent with the simple kinetic model of ideal gases
if the relevant activation energy is &0.7 eV. This is well below the adsorption energy of an indi-
vidual O atom on graphene (ca. 0.92 eV 25), suggesting that a significant fraction of O2 molecules
close to the imaged area have been dissociated through radiolysis before landing on the sample.
We next turn to the detailed atomic structure of the pore edges during the experiments. Taking
only knock-on damage into account, atomistic simulations 26 showed in 2012 that the removal of
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atoms from a graphene edge is determined by the dynamics of the edge atoms after they are hit by
an electron, and not by equilibrium thermodynamics. Armchair edges were found to be more stable
against such damage than zigzag edges due to their higher displacement threshold energy (energy
required to displace an atom from its site in the structure). This is in contrast to the experimental
findings from 2009 showing mostly zigzag edges under irradiation with 80 keV electrons 15, carried
out at a typical vacuum level of . 10−7 mbar.
We classify the atomic structures at the pore edges in our images into five different categories:
AC, most likely AC (may not be identified with total certainty due to local image contrast), ZZ,
most likely ZZ, and “other” (Fig. 2a; see also Supplementary Information for examples of many
of the “other” configurations). We then compared the prevalence of AC and ZZ configurations
by calculating the ratio of AC to all identified AC or ZZ configurations at each oxygen partial
pressure. The results, normalized to the corresponding unit cell length, are shown in Fig. 2b (full
symbols). Although the results are quite similar at all pressures (ranging from ca. 0.56 ± 0.03 in
near-UHV to 0.42± 0.03 at 2× 10−7 mbar), there is a clear trend for the AC edges to become less
prominent as the oxygen partial pressure increases.
As was also pointed out in Ref. 26, the circular shape of the pores may play a role in the
observed difference between the AC and ZZ edges. It also complicates the analysis, leaving much
of the edge structure into the category “other”. Therefore, we next turn to longer edges (for ex-
emplary images, see Fig. 2c,d) to avoid these complications. For these structures, the differences
between the AC and ZZ edges become clearly more pronounced (see the open symbols in Fig. 2b).
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Now, the near-UHV AC fraction is 0.85± 0.01, whereas at 2× 10−7 mbar it drops to 0.41± 0.05.
After the oxygen flow was stopped and the pressure was allowed to decrease down to 10−8 mbar,
the fraction correspondingly increased to 0.74± 0.03.
The prevalence of AC edges in near-UHV is easy to understand based on the simulation
work of Ref. 26, as explained above. Nevertheless, to confirm this hypothesis, we also carried
out the experiment for graphene grown with a 99% 13C carbon source. As expected, all edges
were now more stable in near-UHV with no marked difference between AC and ZZ edges, except
for the transition from pure ZZ to the reconstructed ZZ-57 configuration 27 (see Supplementary
Information). At higher pressures, the results were similar to those obtained with normal graphene,
as expected for a chemical process with two isotopes of the same element.
In contrast to the AC edge stability, it is less clear why ZZ edges become more prevalent at
higher pressures. A careful analysis of the images suggests that ZZ edges are particularly resistant
against the chemical etching process. Indeed, we often notice that a ZZ edge remains stable over
several images until one edge atom is removed. After this, the whole adjacent atomic row disap-
pears. This is in contrast to the recent observation of higher stability of AC edges at higher oxygen
pressures (up to 6 mbar) at elevated temperatures 16, pointing towards an explanation related to the
absorption energetics of oxygen molecules or atoms on graphene or at its edges.
To bring light to this question, we turn to density functional theory simulations (see Meth-
ods). Due to the large number of possible reactions, our aim here is only to provide plausible
mechanisms in support of our experimental findings. First, to understand the diffusion of atomic
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oxygen towards the zigzag edge, we studied the stability of O adatoms at nearby bridge (epoxide-
like bonding) adsorption sites (Figure 3). Carbonyl-like bonding (oxygen bound to one carbon
atom) at the edge is by far the energetically most favored bonding configuration, one that is also
reached without a barrier if an O atom is placed on the bridge site next to the edge (red circle in Fig-
ure 3a). The threshold energy for knocking out a C edge atom bound to the O is about 10 eV, thus
slightly weakening the zigzag edge against electron irradiation. Placing an O on the next-nearest
bridge site (red square in Figure 3a) results in another interesting barrierless reconstruction: a C
chain partly detaches from the edge to allow out-of-plane carbonylic bonding for the O atom. Only
the third-nearest bridge site (red cross in Figure 3a) results in a stable adatom configuration. How-
ever, the relative energetics of the stable absorption sites clearly indicate the preference for O to
bind directly to the edge.
The situation for the armchair edge is significantly more complicated (see Supplementary
Information for an illustration). Again, O adatoms preferentially bind in carbonyl-like bonding
to one of the edge C atoms. This configuration can with a negligible energy barrier turn into an
intermediate state that can be further modified by the addition of O bridge adatoms. This leads to a
step-by-step unraveling of the edge structure, leading to configurations that can be easily sputtered
by the electron beam. O atoms adsorbed on bridge sites near the edge result in no reconstructions
such as that observed for the zigzag edge, and the energies of the different configurations are within
a few hundred meV. We further estimate that even with absorbed oxygen, the thermal dissociation
of CO from the zigzag edge has a barrier of about 4.0 eV, and about 3.3 eV from the armchair
edge. Thus both edges are expected to be stable under ambient conditions, and the electron beam
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must be involved in the etching process through a chemically assisted knock-on process.
Careful analysis of the experimental images at high pressures appear to confirm the simula-
tion results, at least for the ZZ edges. Indeed, we can see both carbon chains as well as individual
oxygen atoms bound at the edges (similar to Fig. 3c,b, respectively). Unfortunately, due to the
electron-beam sensitivity of the structures, spectroscopic identification of the oxygen atoms proved
impossible. To identify the atomic species protruding from the ZZ edges, DFT simulations were
performed to obtain the energetically most favourable bonding sites for a single or for multiple
carbon or oxygen atom(s). Figure 4 contains representative experimental images of atoms at the
edge as well as multislice image simulations 28 for DFT-relaxed configurations. The DFT simula-
tions show that for oxygen, it is more favourable to bond in a Klein-like configuration (lower in
energy by 1.60 eV, see Figure 4d), whereas for carbon, bivalent bonding is preferred (by 0.45 eV,
see Figure 4e). Additionally, Klein edges seem to be only stable for oxygen atoms (Figure 4f), as
carbon edge atoms gain a significant amount of energy by dimerization (Figure 4g). Comparing
the simulated images to the experimental ones thus indicates that most of the atoms observed pro-
truding from the edge should be oxygen, since such geometries do not correspond to ground-state
configurations for carbon.
This conclusion is supported by intensity analysis. Our MAADF-STEM image simulations
show that the intensity for a singly-coordinated carbon atom at a ZZ edge decreases compared to its
neighbor (down to 92%), whereas for oxygen it would increase (up to 158%). In the experimental
images (Figure 4a-c), the intensities of the attached atoms are always higher than their neighbors
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(for some up to 120%), which can not be explained by carbon atoms. These values, although lower
than the simulated ones, are consistent with oxygen especially considering that the atoms at the
edge tend to move during image acquisition, as seen from the streaked scan lines.
We note that these results are not in contradiction with Ref. 29, because the TEM data pro-
vided there does not allow for elemental identification and was not recorded in UHV. In that study,
both Klein edges and dimerized edges were observed, consistent with configurations containing
both carbon and oxygen atoms. In Ref. 30, electron energy-loss near-edge spectroscopy was used
to identify a single carbon atom in a Klein configuration, with no trace of oxygen. It is possible
that the metastable carbon configuration has appeared due to strain or other influence of the sur-
rounding structure. However, as noted above, we were also not able to detect oxygen signal at the
edges, which we attribute to the high mobility of the atoms at the edge (in contrast to stationary
oxygen atoms embedded inside the graphene basal plane, for which detection is possible 31).
Conclusions
Electron-beam induced chemical processes potentially affect all materials, given a suitable com-
position of residual gases in the vacuum. Although these effects are typically neglected due to the
unknown residual vacuum composition, they can play a crucial role in determining the stability of
the sample in the microscope, but also affecting its atomic structure. In this work, we demonstrated
that at oxygen partial pressures typical for non-UHV microscopes, the etching rate of graphene
edges is up to two orders of magnitude faster than in near-UHV, where the process is so slow to
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be practically non-existent over experimental time scales. Additionally, while graphene armchair
edges are significantly more resistant against knock-on damage due to their higher displacement
threshold energy than zigzag edges, they are effectively destabilized under oxygen atmospheres.
Thus there exists an active competition between physical and chemical processes in the electron
microscope that can be tuned via acceleration voltage (high voltage leads to more elastic scattering
and thus physical changes) and the sample atmosphere (chemical processes depend on the avail-
ability of suitable molecules). Due to the importance of atomically defined edges in applications
with graphene nanoribbons, our results may also provide new ways to create nanostructured sam-
ples with unprecedented spatial resolution. Naturally, the possible material modifications through
this method are not limited to etching but can be extended to any chemical manipulation where
the end structure is sufficiently tolerant of electron irradiation. The method presented here demon-
strates the possibilities of spatially controlled chemistry of materials, opening the way for a number
of exciting new experiments.
Data availability. All the data generated or analysed in this study are included in this article
and its Supplementary Information.
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Methods
Experiments were conducted with the aberration-corrected scanning transmission electron micro-
scope Nion UltraSTEM 100 (Ref. 1) at acceleration voltages of 60 kV and 100 kV. The con-
vergence semi-angle of the beam was 30 mrad. The probe size of the instrument at 60 kV is on
the order of 1 Å, which together with the scan area are important for limiting the electron beam
effects to only the desired sample position. For acquiring images, a medium angle annular dark
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field (MAADF) detector with semi-angular range of 80 – 200 mrad was used. The vacuum level in
the sample chamber that can be reached with the instrument in Vienna 32 is ∼2 × 10−10 mbar (i.e.,
ultra-high vacuum, UHV). We point out that all pressures mentioned here are readings from the
gauge in the objective area. The actual pressure at the sample is expected to be 5–6 times higher
due to the geometry of the objective area of the microscope 11. Additionally, it is likely that the
gauge is less sensitive to O2 than water molecules, which introduces another source of uncertainty.
The instrument is equipped with a leak valve system that adds the possibility to introduce
gases into the sample chamber in the range of 10−9 to 10−6 mbar without affecting atomic resolu-
tion imaging 11 or causing noticeable changes in pressures measured in the neighboring volumes
(i.e., the actual pressure remains below ballistic flow). The partial pressures of various gases as
a function of pressure in the objective area when leaking in oxygen was measured with a mass
spectrometer (Pfeiffer Prisma QME200). In the pressure range of the conducted experiments
(10−8 to 10−6 mbar) the measured oxygen partial pressure (by the mass spectrometer) starts slightly
higher than the pressure displayed by the objective gauge. This discrepancy increases linearly to
roughly half an order of magnitude (at 10−6 mbar). The partial pressure of other prevalent gases is
always at least one order of magnitude (N2/CO, Ar) lower than oxygen. The partial pressures of
water, hydrogen and carbon dioxide are two orders of magnitude lower. Detailed results are shown
in the Supplementary Information.
Unless otherwise specified, the samples were commercial freestanding monolayer graphene
(Graphenea Inc.) with a natural isotope concentration grown via chemical vapor deposition on
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Quantifoil TEM grids. The samples were baked at 150 °C in a separate vacuum system or a
chamber connected to the column for at least 10 h before being introduced into the microscope.
Our density functional theory (DFT) simulations were carried out with the GPAW package 33
using the Perdew-Burke-Ernzerhof exchange-correlation functional 34. The model systems were
six rows wide zigzag (48 C atoms and four passivating H atoms on one side of the ribbon) and
five rows wide armchair (60 C and 6 H) graphene nanoribbons with 9 k-points along the periodic
direction of the ribbon and at least 10 Å of lateral and vertical vacuum between the periodic im-
ages. Spin polarization was included in all calculations with a fixed total magnetic moment. After
relaxing the structures 35 with a force convergence criterion of 0.01 eV/Å, we placed one or more
atoms of oxygen or carbon at or near the ribbon edges to find the most favorable bonding sites, as
well as any direct changes in the edge structure upon oxidation.
To further study the effect of oxidation on the electron-beam stability of the edges, we con-
ducted molecular dynamics (MD) simulations to determine the displacement threshold energies
of selected edge atoms following our established methodology 24, 36. We considered in the sim-
ulations AC, ZZ and ZZ-57 edge configurations. The simulated displacement threshold energies
for the configurations are, in agreement with earlier computational results 26, 18.75 – 19.00 eV
(AC), 12.00 – 12.50 eV (ZZ) and 20.00 – 20.25 eV (ZZ-57), and the pristine graphene value is
21.75 – 22.00 eV as calculated with the same method.
STEM image simulations were carried out using the multislice method within the abTEM
package 28, with a spherical aberration coefficient of 1.5 µm, a focal spread of 5 nm, and MAADF
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detector angles and illumination semiangle set to the experimental values.
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Additional information
Supplementary Information contains results obtained with heavy graphene, additional observed
atomic configurations at graphene edges, DFT modeling of oxygen etching at AC edges, mass
spectrometer measurements of the vacuum composition and details about the edge type analysis.
References 27, 37 are cited in the supplementary information. Additionally, original microscopy
images for all shown figures are provided as supplemental material.
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Supplementary information
Heavy graphene. To disentangle chemical processes from knock-on damage, additional experi-
ments were conducted with CVD-graphene produced from 13C-enriched (99%) methane, but oth-
erwise similar to the commercial graphene samples. In the presence of oxygen (2.7 × 10−7 mbar),
zigzag edges again clearly dominate, confirming the instability of armchair edges against atomic
oxygen. However, the situation at low pressures differs from normal graphene (see Supplementary
Figure 1) because all edge atoms are now considerably more stable against knock-on damage due
to their higher mass. Indeed, hardly any atoms were removed from the edge during a 45 min exper-
iment. Therefore, the edge is now much more constrained by the initial lattice orientation, although
there still is a slight preference for armchair edges (Supplementary Figure 1a). When the initial
edge is zigzag, however, during our experimental times no armchair edges were created. Instead,
the edge can reconstruct into the zigzag-57 configuration27 (Supplementary Figure 1b), which has
both a higher displacement threshold energy and lower formation energy than the zigzag edge. We
also observed an edge with simultaneous AC and ZZ-57 configuration (Supplementary Figure 1c).
Edge series in an oxygen atmosphere. In Supplementary Figure 2, a series of consecutive STEM
MAADF images of a graphene edge in an oxygen atmosphere of 7.9 × 10−7 mbar is displayed.
Various atomic arrangements have been marked to ease their identification and comparison to the
atomic models obtained through simulations. These include plain zigzag (yellow) that is the most
common case, followed by a carbonyl configuration (purple) where one oxygen atom (the brighter
one) is bound to one carbon atom at the zigzag edge. This agrees with the DFT results that show
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carbonyl to be the lowest energy state for the oxygen atom at this edge. Also in agreement with the
simulations, the formation of carbon chains (green) can be occasionally observed. The occurrence
of plain armchair edges (blue box) is uncommon at higher oxygen pressures, but different states of
armchair edge oxidation (blue circle) are sometimes captured. We also identified some furan-like
(carbon pentagon with oxygen as heteroatom, orange circle) and ether-like (carbon hexagon with
oxygen as heteroatom, brown box) configurations.
Modeling of the AC edge. DFT was used to study the unraveling of the AC edge (Supplementary
Figure 3). Atomic O was placed on nearby bridge sites, leading to barrierless step-wise reconstruc-
tion into progressively more defective edge structures along chemical route 1. Alternatively, the C
atom bonded to the initial O can be sputtered by the electron beam along physical route 2.
Gas composition in the vacuum system The complete gas composition as measured with a mass
spectrometer in the chamber adjacent to the microscope column (connected through a flange facing
the sample stage) is shown in Supplementary Figure 4.
Edge type analysis For the edge type analysis, AC and ZZ configurations along small pores and
graphene edges were counted. To capture the etching dynamics, the scan speed was set to a rel-
atively high value, especially for the pore growth data (∼2 s per image or ∼5 × 107 e− nm−2). In
series with high etching rates, the configuration change can happen during scanning a particular
site. This can lead to stronger or weaker blurred spots, which can make it difficult to be certain
about the exact atomic configuration. In these cases, AC or ZZ were marked differently and the
number of these cases was included in the determination of the error bars. Volatile or heavier
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species at the edges (e.g. moving Si atoms) were ignored in the analysis. The results were then
normalized to the length of the respective edge type to ensure the comparability of different config-
urations at an edge with a given length. Supplementary Figure 5 depicts the comparison between
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Figure 1: Pore growth rates at different pressures: (a) Partial pressures of three selected gases as
a function of the objective gauge (OG) pressure. (b) Pore growth for series at different pressures.
For the UHV series, after 20 images only every 20th image (dose of ∼1 × 1010 electrons) was
included in the analysis due to slow changes. (c) Number of atoms lost per second as a function of


































Figure 2: Armchair to zigzag graphene edge ratio: STEM MAADF image (a) of a pore and
(c), (d) of graphene edges. Sky blue dots mark AC edge type cells, yellow ZZ ones. (b) Ratio of
AC/ZZ type edges normalized by unit cell length as a function of gauge pressure. Round (colored)
data points correspond to the pore growth data and the square open symbols to data recorded at
straight edges. For both cases data was collected at three different pressures, starting in near-UHV.
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Figure 3: Density functional theory (DFT) modeling of zigzag edge oxidation. (a) Oxygen
adatoms diffusing towards the edge may bond at C-C bridge sites at varying distances from it (cir-
cle, square, cross). (b) Absorption of O at the bridge closest to the edge results in a barrierless
reconstruction of the O to bind laterally to one edge C atom in the lowest energy state. (c) Ab-
sorption on the next-nearest C-C bridge results in a barrierless reconstruction of a C chain, 3.2 eV
higher in energy E. (d) Adsorption on the furthest C-C bridge results in a stable adatom configu-
ration that is 5.1 eV higher in energy than the lateral edge absorption site.
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Figure 4: Atoms bound to graphene edges. (a)-(c) STEM-MAADF images of atoms attached
to graphene edges. (d)-(g) Image simulations of the energetically most favourable configurations
obtained through DFT simulations when attaching a single or multiple carbon/oxygen atom(s) to a
graphene ZZ edge. Oxygen forms Klein-like edges whereas carbon tends to dimerize.
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Supplementary Figure 1: STEM MAADF images of 13C graphene edges at a pressure of
4 × 10−10 mbar. (a) Armchair configuration. (b) ZZ-57 configuration. (c) Transition of AC
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Supplementary Figure 2: Series of STEM MAADF images of a graphene edge recorded at
7.9 × 10−7 mbar. The electron dose per frame is 2.1 × 109 e− and the total dose for this series is
4.0 × 1010 e−. All images have been treated with a double Gaussian filter37 to make the identifica-
tion easier on a printout (raw data is provided as additional supplementary material).
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Supplementary Figure 3: DFT modeling of armchair edge oxidation. Due to the symmetry
of the orbitals, the binding of a single O atom is not as favorable as in the ZZ case. Two distinct
processes may follow: (1) the edge atoms reconstruct with nearly no barrier Q into a pentagon with
a dangling C-O group. Further O adatoms may adsorb on the C-C bridges marked with red circles,
spontaneously unraveling the edge; or (2) if an electron transfers 7 eV of kinetic energy to the C
atom (green dashed circle) that the O is bonded to, it ejects the C from the structure, resulting in
a pentagonal reconstruction that is relatively beam-stable. This configuration was rarely observed
during the experiments, however, indicating that various processes similar to (1) are more likely.
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Supplementary Figure 4: Gas composition. Partial pressures of various gases when leaking oxy-
gen into the objective area as a function of the objective gauge (OG) pressure.
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Supplementary Figure 5: Edge armchair fraction. (a) Fraction with normalization to cell length.
(b) Fraction from number of cells without normalization.
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